The problem of acquired resistance of microorganisms is of importance in the clinical use of the sulfona nides, but present knowledge indicates it is of lesser importance with penicillin therapy. Early work (Waksman et al., 1945) with streptomycin indicated that it might prove even more unfavorable than the sulfonamides in this respect, and recent work has confirmed these early indications. Persistence of infection after streptomycin therapy has been reported by Herrell and Nichols (1945) and Reimann et at. (1945). Buggs and coworkers (1946) In an experiment designed to increase the in vitro resistance of a variety of organisms to streptomycin and streptothricin, it was found that some developed resistance rapidly, while others were not materially changed in their sensitivity to these drugs. Fourteen organisms from a stock culture collection were subjected to various amounts of the two antibiotics in broth. The organisms studied included gram-negative and gram-positive rods and cocci. The following method was utilized for increasing the resistance of the organisms under test:
vitro by culturing organisms on agar containing streptomycin. The latter authors showed that repeated subcultivation on agar containing streptomycin induced resistance of both gonococci and meningococci so rapidly that only 4 to 6 daily transfers to a medium containing streptomycin were necessary to permit abundant growth in the presence of 75,00 micrograms of streptomycin per ml. In vivo experiments confirmed the invitro resistance, since the streptomycin-resistant strains of meningococci could notbe controlled bythe largest doses of streptomycin tolerated by animals. Finland et al. (1946) has recently reported that gramnegative organisms causing urinary tract infections develop a high degree of resistance to streptomycin during treatment. In a series of 12 cases of infection with various gram-negative organisms treated with streptomycin, 8 failed to show any beneficial effects. Five of these organisms on isolation were found to have acquired more than a 4,000-fold resistance to the drug following a 48-hour treatment schedule.
In an experiment designed to increase the in vitro resistance of a variety of organisms to streptomycin and streptothricin, it was found that some developed resistance rapidly, while others were not materially changed in their sensitivity to these drugs. Fourteen organisms from a stock culture collection were subjected to various amounts of the two antibiotics in broth. The organisms studied included gram-negative and gram-positive rods and cocci. The following method was utilized for increasing the resistance of the organisms under test: Each organism was subcultured from a nutrient agar slant to standard methods broth, pH 7.8, and incubated overnight. With stock solutions of streptomycin and streptothricin, which were prepared by diluting weighed aliquots of these drugs in sterile 1 per cent phosphate buffer (pH 6.0), twofold serial dilutions of each antibiotic were prepared daily. The dilution series usually consisted of ten 100 X 13 mm test tubes, each containing 0.5 ml of the antibiotic dilution.
PRICE, RANDALL, CHANDLER, AN] REEDY broth culture prepared above, and all tubes were incubated in a water bath at 37 C for 24 hours. The last tube showing inhibition of the organism in the dilution series indicated the initial sensitivity of the strain in, micrograms of the antibiotic. These initial sensitivities are given in tables 1 and 2. To increase the resistance of the strain to the particular antibiotic, the procedure described above was repeated, utilizing the second tube showing growth in the dilution series for preparing the 1:100 broth inoculum. Thus 0.25 ml of the mixture of the antibiotic and organisms in the second tube showing growth were added to 24.75 ml of standard methods broth (pH 7.8) and mixed, and 1.5 ml of the resulting Although all 14 organisms are relatively streptomycin-sensitive, there was a marked variation between organisms in their original sensitivity to streptomycin (table 1) ranging from 0.007 ,ug per ml for Escherichia coli and Bacillus circulans to 1.5 ,ug per ml for Streptococcus faecalis, a 200-fold difference. Where several strains of the same species were tested, marked differences in sensitivity were also noted. For the two strains of Eberthella typhosa there was an 18-fold difference; for E. coli, a 53-fold difference, and for Staphylococcus aureus a 5-fold difference. One strain of S. aureus became resistant quite rapidly, requiring only three trans,ers for an increased resistance of more than a 1,000-fold. One of the strains of E. typhosa exhibited a fairly rapid and extremely high increase in resistance; 14 transfers resulted in an increased resistance of 226,000-fold. There appeared to be no uniform pattern in the increase of resistance of the strains studied. An extended interval between successive transfers sometimes resulted in a loss of resistance and at other times effected an increased resistance. A sudden increase followed by a loss also was observed on successive days.
The induced resistance of the 14 organisms to streptothricin is given in table 2. When the sensitivities of the original cultures (column 1) are compared with the final sensitivities, it will be noted that there is a tremendous variation in response between the different species and strains to streptothricin. The range in concentrations of this antibiotic which caused inhibition of the original cultures of the organisms was somewhat greater than that demonstrated with strepto- mycin (0.0015 ,ug per ml for a strain of E. coli to 1.5 ,ug per ml for S. faecalis, a difference of 1,000-fold). Contrary to the results obtained with streptomycin, it was observed that a number of these organisms acquired a high degree of resistance to streptothricin, which subsequently was lost, and this high degree of resistance was not obtained subsequently on successive transfers. In general, resistance to streptomycin was more readily acquired than resistance to streptothricin, and in most cases to a far greater degree. It is of interest that although its resistance to streptothricin was difficult to induce, E. typhosa readily acquired resistance to streptomycin. On the other hand, the resistance of Bacillus subtitis to streptothricin increased 2,000-fold in 10 transfers but only 33-fold following 9 transfers in the presence of streptomycin. Miller and Bohnhoff (1946) reported that artificially induced resistance to streptomycin did not alter the morphological appearance of the organisms studied by them, in contrast to the marked changes in shape and physical be-havior caused by penicillin. Contrary to their observations, some of the organisms employed in these studies showed changes in morphology after cultivation in broth containing streptomycin. Both strains of E. typhosa showed marked changes in morphology consisting of swelling, elongation of the cell, and formation of filaments. Cells showing structures resembling zygospores have been seen which are similar to the structure in E. coli, described by Alture-Werber et al. (1945) (1946) , investigating the effect of the pH on the activity of streptomycin, found that an increase in the acidity of the medium decreased the antibacterial activity of the base, streptomycin. They state that the most likely explanation is that the ionized forms of the basic drug compete with hydrogen ions for position on the cell surface. Wallace and his coworkers (1945) reported the effect of culture media on the mode of action of streptomycin and concluded that it was more difficult to inhibit bacteria on a good medium containing streptomycin than on a poor medium. The broth employed in the present investigation of induced resistance would be classed as poor. HoWever, in preparing one test for these studies, an enriched broth was inadvertently employed, and the resulting sensitivities differed radically from those previously established. This medium, a highly nutritive buffered yeast beef broth, is used routinely in the official penicillin and streptomycin assays for potency. It differs from the standard methods broth (in containing glucose, sodium chloride, phosphate, and yeast extract, and in pH). It was decided, therefore, to examine all possible combinations of the constituents of this medium at two pH levels with 11 organisms, on the premise that the difference in sensitivities observed with the two media might be explained either by the effect of some constituent or by differences in hydrogen ion concentration.
In preliminary tests the sensitivities of each organism were established in the nutrient broth at pH 7.0 and compared with the original sensitivities, which had been obtained with the standard methods broth at pH 7.8. Every organism was at least 140 times more sensitive to streptomycin in the less nutritive, more alkaline medium. Comparison of the sensitivities of the organisms in both media at pH 7.0 and pH 7.8 showed that at pH 7.0 every organism tested was more sensitive to streptomycin in the less nutritive medium, with the difference ranging from 33-fold for S. aureus to 312-fold for B. subtilis and B. circulan.
At pH 7.8 the sensitivities in the standard methods broth varied from 30 times more sensitive for E. coli to 140 times for one strain of E. typhosa. This indicated that the alkalinity of the medium was not the only factor affecting the activity of streptomycin. The presence of other ingredients in the more nutritive broth either inhibited the action of the drug or provided more optimum requirements for the growth of the organisms. The fact that a more alkaline pH enhances the activity of streptomycin has been observed clinically. Finland et al. (1946) observed that organisms responsible for urinary tract infections which became rapidly resistant to streptomycin therapy were isolated from urine specimens that were fairly acid. In some cases, preliminary alkalinization of the urine resulted in rapid and complete elimination of the organisms from the urine after streptomycin therapy was started.
To determine which constituent or combination of constituents in the nutrient broth caused inhibition of the streptomycin or stimulation of the organism, nutrient broth was prepared at two pH levels, 7.0 and 7.8, containing every possible combination of ingredients. All the organisms were then tested simultaneously in the various broth preparations. The addition of yeast extract to a base broth did not materially alter the sensitivities of the organisms at either hydrogen ion concentration. In spite of the fact that glucose has been said to exert a detrimental effect on the activity of streptomycin, the addition of it to the base broth did not increase the resistance of organisms to streptomycin in these studies. In fact, the sensitivities of B. circulans and B. mubtilis were increased in the presence of glucose, the former at both pH levels and the latter at pH 7.8. Since all of the organisms studied produce acid from glucose, the differences in their sensitivities in the two broths cannot be attributed to this constituent of the medium. The addition of yeast extract plus glucose to the base broth at pH 7.0 exerted a marked effect on the organisms since a high degree of resistance to streptomycin on the part of every organism was demonstrated. The addition of sodium chloride or phosphate to any combination of medium ingredients materially increased the resistance of 9 of the 11 organisms studied.
To emphasize the fastidious medium requirements of streptomycin for optimum activity, the organisms were studied for sensitivity to penicillin in the two media at both pH levels. In confirmation of earlier work, it was found that the composition and the hydrogen ion concentration of these media are relatively unimportant in the testing of organisms for their sensitivity to penicillin.
In order to make comparative studies of the sensitivities of organisms to streptomycin, it can be seen from this investigation that it is imperative for all laboratories to employ a broth of uniform hydrogen ion concentration containing the same constituents. Furthermore it is imperative that in testing an organism for sensitivity to streptomycin it be tested in the same batch of broth in which its original sensitivity was determined. It would be well for laboratories to maintain a reference standard medium against which all subsequent batches of media could be tested with an organism of previously established sensitivity. Differences between batches could then be calculated and a factor employed to give the corrected sensitivity. Under these conditions the results of sensitivity studies from various laboratories could be interpreted on a sound basis.
DEVELOPMENT OF IN VIVO RESISTANCE TO STREPTOMYCIN
In the in vivo studies white rats were employed as the test animals. These rats consisted of two litters, evenly divided as to sex and weight, and they were placed on test the day after they were weaned. All were fed on a balanced diet to which the appropriate amount of dried streptomycin sulfate was added as desired. The rats were divided into three groups of four each (A, B, and C).
All groups were maintained on a basal diet containing no streptomycin for a period of 5 days, and the fecal flora was studied bacteriologically. Total plate counts, the number of acid and gas producers (by most probable numbers), and the number of streptomycin-resistant organisms were determined. At the end of the 5-cay period group A was placed on a diet containing 10,000 &g of streptomycin per 100 g of food, group B was placed on a similar diet containing 50,000 pg of streptomycin per 100 g of food, and the rats in group C were continued on the basal diet (control group). On the fifteenth day the diets of groups A and B were reversed, and on the twenty-first day they were returned to the basal diet. Group C, which acted as a control, received nothing but the basal diet during the entire expeiment. A summation of the observations on the increasing number of resistant organisms isolated under these conditions is given in Resistance of organisms to streptomycin was more readily induced than to streptothricin, and to a greater degree.
Streptomycin-induced resistance of Eberthella typhosa is accompanied by marked changes in morphology.
In determining the sensitivity of microorganisms to streptomycin it is important to control the composition of the medium used.
Oral administration of streptomycin to rats results in a marked increase in the numbers of streptomycin-resistant organisms.
